Their functional importance has been demonstrated by the identifi cation of mutations in some of these proteins in patients with different forms of renal tubular acidosis (see below) and in mouse models defi cient for the respective genes. The kidney employs three major processes in the maintenance of acid-base homeostasis: (i) the reabsorption of fi ltered bicarbonate mainly in the proximal tubule and to a lesser extent in the thick ascending limb; (ii) the excretion of acid/protons in the collecting duct, and (iii) the synthesis of ammonia and the use of ammonia, phosphate and citrate as so-called titratable acids to bind protons and thereby maximizing the kidneys ability to excrete protons.
The proximal tubule reabsorbs the bulk of fi ltered bicarbonate, approximately 70-80% of the fi ltered load. This process requires a luminal carbonic anhydrase (CA type IV) facilitating the formation of CO 2 and H 2 O from fi ltered HCO 3 -and excreted H + . CO 2 diffuses into the cell and is rapidly rehydrated and HCO 3 -and H + formed catalyzed by a cytosolic CA (type II). HCO 3 -is extruded into blood via the basolateral electrogenic Na + /HCO 3 -cotransporter NBCe1, whereas protons are secreted into urine via apical Na thick ascending limb accounting for about 20% of the fi ltered bicarbonate [2] .
The proximal tubule also plays an important role in the synthesis of the major titratable acid, NH 3 /NH 4 + , synthesized from glutamine yielding two HCO 3 -and NH 3 molecules as well as glucose. The synthesis of NH 3 /H 4 + is highly regulated and stimulated during metabolic acidosis and requires the extraction of glutamine from blood across the basolateral membrane [3] . The amino acid transporter responsible for glutamine uptake into proximal tubular cells has been identifi ed as SNAT3 (SLC38A3) and is upregulated both on mRNA and protein levels during metabolic acidosis [4, 5 ; Moret, Dave, Schulz, Verrey, Wagner, own unpublished observations]. Interestingly, SNAT3 is localized only in the late proximal tubule under normal conditions but its expression spreads to earlier proximal segments during acidosis. The second important titratable acid, phosphate, is also regulated by the proximal tubule as most phosphate is reabsorbed at this site via the apical Na + /phosphate cotransporter NaPi-IIa. During acidosis renal phosphate excretion is increased.
In rats, but not in mice, acidosis downregulates NaPi-IIa activity and expression in the kidney [6, 7] . Interestingly, phosphate uptake from diet and expression of the intestinal NaPi-IIb phosphate transporter are stimulated during acidosis in mice [7] . This could provide phosphate for renal excretion and help to protect bone from massive phosphate loss during acidosis.
Secretion of Protons or Bicarbonate from Intercalated Cells
The fi nal tuning of urinary acidifi cation occurs in the late distal tubule, the connecting segment, the cortical and medullary collecting duct mainly through the action of intercalated cells [8] . At least two types of intercalated cells have been described based on morphological and functional criteria: acid-secretory type-A intercalated cells (A-IC) and bicarbonate-excreting type-B intercalated cells (B-IC). A-IC express vacuolar H + -ATPases on the luminal membrane excreting protons into urine which -exchanger is most likely represented by pendrin. The function and regulation of pendrin has recently gained much attention because of its regulated expression in response to dietary chloride intake and the fact that pendrin-defi cient mice are more sensitive to dietary salt restriction and do not increase blood pressure in response to aldosterone analogues [9] [10] [11] . These fi ndings suggest a role of pendrin in chloride conservation by the kidneys and blood pressure regulation. Pendrin may also be important for protecting the body from the development of metabolic alkalosis as evident from pendrin-defi cient mice and a mouse model lacking the B1 subunit of the basolateral proton pump of B-IC and reduced pendrin abundance. Both mouse models are more prone to the development of metabolic alkalosis [10, 12] . An additional Cl -/HCO 3 -exchanger, AE4, has been identifi ed in non-type A-IC. The subcellular localization of AE4 appears to be species specifi c. In the rabbit AE4 is localized in the apical membrane whereas in the rat and mouse AE4 is found on the basolateral side [13, 14] .
Regulation of Renal Acid-Base Transport
The renal excretion of acid and base equivalents by the kidney is infl uenced by many factors such as diet, electrolyte status, physical activity, and drugs. Several hormones have been identifi ed that could link metabolism and renal acid-base transport such as aldosterone, angiotensin II, endothelin, insulin-like growth factor 1, antidiuretic hormone, and thyroid hormones.
The vasoconstrictor endothelin has appeared over the last years as an important factor regulating renal acid secretion. Endothelin production in arteries and proximal tubules is increased during metabolic acidosis [15, 16] . The stimulatory effect of endothelin on Na [17, 18] . Furthermore, the increased urinary acid excretion in animals on a diet rich in protein depends on endothelin.
The importance of aldosterone for fi nal urinary acidifi cation has been known for decades and insuffi ciency of aldosterone synthesis, excretion or signaling underlies the hyperkalemic type of distal renal tubular acidosis (dRTA) [19] . Two fi ndings have shed new light on aldosterone. First, a high-protein diet providing a dietary acid load stimulates renal acid excretion via endothelin, increasing aldosterone secretion [20] . Blocking either the endothelin or aldosterone pathway results in an inappropriate urinary acidifi cation. Second, aldosterone stimulates vacuolar H + -ATPase activity also in a way distinct from the classic route (i.e. via the mineralocorticoid receptor and subsequent regulation of transcription). In freshly isolated mouse and human outer medullary collecting ducts, aldosterone directly stimulates insertion of proton pumps into the membrane in a rapid non-genomic manner. This effect is mediated by a complex signaling cascade via small G proteins, phospholipase C, protein kinase C, ERK1/2 kinases as well as elements of the protein kinase A-dependent pathway [21] . Besides these hormonal pathways, a novel concept of local pH sensing and regulation of acid-base transporters has emerged. Incubation of the renal OK cell line with an acid medium increases Na + /H + -exchange activity via a src-like tyrosine kinase and pyk2 [22, 23] . Pyk2 is activated in vitro in a slightly acidic buffer and phosphorylates and activates src [22] . However, it is unclear if pyk2 is the pH sensor itself. A novel subfamily of G proteincoupled receptors may contain such pH sensors. Three members of this subfamily, OGR1, GPR4 and TDAG8, are activated by extracellular protons with half-maximal activation occurring in the pH range of 7.4-7.0. Activation of OGR1 increases intracellular calcium and IP 3 levels, known stimuli for Na + /H + -exchange activity [24] . GPR4 and TDAG8 couple to cAMP-and PKA-dependent pathways. Both OGR1 and GPR4 are expressed in the kidney and at least in the case of OGR1 its localization in the basolateral membrane of almost all nephron segments appears ideally suited for an extracellular pH sensor [Mohebbi, Benabbas and Wagner, unpublished observations]. In addition to direct proton sensing, also sensors for CO 2 and HCO 3 -may exist. The recently discovered soluble adenylate cyclase is expressed in several HCO 3 --transporting epithelia including the kidney and is activated in the physiological HCO 3 -concentration range [25] . In addition, evidence from isolated perfused proximal tubules suggest that basolateral HCO 3 -or CO 2 sensors exist and regulate fl uid and bicarbonate fl uxes [26] .
Inherited Disorders of Renal Acid-Base Transport
Genes responsible for several rare inherited disorders of renal acid-base transport have been identifi ed [27] . Mutations in two genes, the Na + /HCO 3 --cotransporter NBCe1 (SLC4A4) and CAII, cause defective bicarbonate absorption in the proximal tubule. The gene encoding the electrogenic Na + /HCO 3 -cotransporter (SLC4A4) underlies proximal renal tubular acidosis associated with blindness. Patients suffer from excessive urinary bicarbonate wasting and severe metabolic acidosis. The transporter is not only expressed on the basolateral side of the proximal tubule but also in the eye. Functional analysis of a number of mutants revealed that some mutants are retained in the endoplasmic reticulum, others are inserted into the membrane but show reduced function, and at least in the case of one mutant aberrant traffi cking to the apical membrane in polarized cells was found [28, 29] . Mutations in the CAII gene cause a mixed type of proximal and dRTA due to its expression in both segments. Patients also suffer from cerebral calcifi cation and osteopetrosis [30] .
Inherited forms of dRTA can be caused by mutations either in two different subunits of the vacuolar H + -ATPase (ATP6V1B1 (B1 subunit), ATP6V0A4 (a4 subunit)) or the Cl -/HCO 3 --exchanger AE1 (Band 3, SLC4A1) [1, 27] . All forms are clinically characterized by hyperchloremic metabolic acidosis and hypokalemia and are often associated with retarded growth in infants with rickets. In adults, osteomalacia develops with high urinary calcium and nephrocalcinosis and nephrolithiasis. dRTA due to mutations in proton pump subunits is transmitted in an autosomal recessive way, whereas dRTA caused by AE1 mutations mostly follows an autosomal dominant inheritance. In rare cases, AE1 mutations can also cause autosomal recessive dRTA which has been detected in several patients in Southeast Asia [27] .
Patients with mutations in the B1 proton pump subunit often also suffer from sensorineural deafness due to its expression in the inner ear. A mouse model defi cient for the Atp6v1b1 gene has been generated and shown to develop an incomplete dRTA [31] . Due to the expression of the B1 subunit also in bicarbonate-secretory type B intercalated cells, mice lacking the B1 subunit are susceptible to more severe metabolic alkalosis [12] . Thus proton pumps containing the B1 subunit are involved in both acid secretion as well as in bicarbonate secretion during metabolic acidosis or alkalosis, respectively.
The AE1 chloride-bicarbonate exchanger is expressed both in red blood cells (RBC) and in acid-secretory type A-IC. Due to this expression pattern, mutations in the AE1 gene cause spherocytosis, Southeast Asian ovalocytosis and dRTA. However, with rare exceptions, only either RBC or the kidney are affected. This may be partially explained by two different observations. AE1 interacts in RBC with glycophorinA and this interaction functionally rescues many mutations observed in dRTA [32] . However, glycophorin A is not present in intercalated cells [32] and its absence may thus cause a renal defect, whereas the mutations have less functional consequences in RBC. Second, wild-type AE1 has to be sorted to the basolateral side of type-A intercalated cells in order to mediate the vectorial transport of bicarbonate into blood. Some dRTA mutations when expressed in polarized cell lines appear at the apical membrane or are retained intracellularly [33, 34] . Missorting would obvious-p5 ly not affect AE1 function in non-polarized RBC but reverse the physiological direction of transport in kidney. However, it remains to be clarifi ed if the mistargeting of mutant AE1 also occurs in vivo. dRTA caused by mutations in AE1 is mostly inherited in an autosomal dominant way in contrast to other genetic forms of dRTA. It has been suggested that the formation of functional heterodimers of normal and mutant AE1 may explain this pattern of inheritance. This interpretation is partly supported by two observations. A common mutant found in Southeast Asian ovalocytosis is functionally inactive and decreases transport activity in RBC without giving rise to dRTA [35] . Secondly, a mouse model lacking AE1 both in RBC and the kidney. Mice lacking one allele (heterozygotes) show no sign of metabolic acidosis whereas homozygotes completely lacking AE1 show a severe phenotype with high postnatal lethality, very low hematocrit and hemoglobin levels. Surviving mice suffer from dRTA, severe hyperchloremic metabolic acidosis, growth retardation, nephrocalcinosis with high urinary calcium and phosphate levels and low urinary citrate. In addition, mice are unable to concentrate urine and are dehydrated. However, the vasopressin-regulated AQP2 water channel is found predominantly in intracellular vesicles in the inner medulla pointing to a deranged regulation and possibly explaining the concentrating defect also seen in dRTA patients [36] . The defective AQP2 regulation may at least in part be explained by the concomitant hypercalciuria that may activate calcium-sensing receptors inhibiting AQP2 traffi cking [37] .
Conclusion and Outlook
Work over the last few years has identifi ed a number of novel transport proteins that contribute directly or indirectly to the kidney's ability to excrete acid or bicarbonate, respectively. Rare mutations found in patients with several forms of renal tubular acidosis in some of these transport proteins have made it possible to gain deeper insight into mechanisms of renal acid-base transport. Newly developed genetic animal models facilitate the examination of transport processes and their regulation, and identify compensatory mechanisms activated by loss of function. However, little is known at present about the signals by which kidney cells sense systemic or local changes in acid-base balance. Hormones such as endothelin and the angiotensin-aldosterone system contribute to regulation. Novel putative proton-sensing receptors may also be involved in this task, however, their physiological role remains to be proven. The cellular events triggered by changes in acid-base homeostasis have only begun to be unraveled. Their elucidation will deepen our understanding of how cells in general and kidney cells in particular regulate intra-and extracellular pH homeostasis.
